We present asymmetric gold nanocrosses with highly tunable double resonances for the near-infrared (NIR) surface-enhanced Raman scattering (SERS), optimizing electric field enhancement at both the excitation and Stokes Raman wavelengths. The calculated largest SERS enhancement factor can reach a value as large as 1.0 × 10 10 . We have found that the peak separation, the resonance position, and peak intensity ratio of the double-resonance gold nanocrosses can be tuned by changing the structural dimensions or the light polarization.
Surface-enhanced Raman scattering (SERS) effect boosts the Raman signals of adsorbates on the surfaces of metallic nanostructures when their plasmon resonances and consequently an enhanced near field are excited at the wavelength of the stimulating laser beam. The enhancement factor (EF) of SERS may reach a level of single-molecule resolution [1, 2] . The SERS technique has demonstrated its use in many applications such as a pH meter, biosensing, and bioimaging [3] [4] [5] . Recently, because of the usage of SERS for in vivo bioapplications, there is increased interest of SERS in the near-infrared (NIR) region (700-1400 nm) in the optical spectrum, where blood and tissue are most transparent and light can penetrate tissue over a deepest distance [6, 7] .
There are two mechanisms behind SERS, electromagnetic (EM) and charge transfer (CT) effect, which are extensively mentioned in the literature. It is, however, generally accepted that the EM effect is the dominant one. In the EM mechanism, the EF of each adsorbate is proportional to the product of the field intensity at the laser excitation wavelength and that at the Stokes-shifted Raman scattering wavelength, namely, EF = |EF ex | 2 |EF scat | 2 . As plasmon resonances, which are usually responsible for the EM enhancement mechanism, are spectrally relatively broad, usually it is assumed that |EF ex | 2 and |EF scat | 2 are equal if the center of the resonance is chosen in between the two wavelength positions. For NIR SERS, however, the Raman scattering wavelength and the excitation wavelength can be separated by over 100 nm, limiting the efficiency of a single resonance. Very recently, SERS substrates with double plasmon resonances at the laser excitation and Raman scattering wavelengths have been demonstrated by Crozier's group by showing higher enhancement compared to similar structures with single resonances [8, 9] . In addition, it is well known that a strong plasmonic coupling in the structures (e.g., bow-tie and disk dimer) will generate the near-field hot spots in the tiny gap, which may amplify the Raman signal significantly [10] [11] [12] [13] . In this paper, we report on a different type of double-resonance plasmonic substrate consisting of gold (Au) nanocrosses potentially useful for the NIR SERS application. Strong near field enhancement is achieved by the plasmonic coupling between two opposite tips of the crossbars. The achievement of the double resonances can be realized by breaking the symmetry of the Au nanocross. We have found that the peak separation (namely, the distance between the excitation and scattering wavelength), the resonance position, and peak intensity ratio of the double-resonance Au nanocrosses are highly tunable in the NIR range by changing the light polarization or the structural dimensions. We have also numerically demonstrated that the SERS EF of the Au nanocross can reach a value as large as 1.0 × 10 10 . • (see Figure 1(b) ). The simulations were performed by using the FDTD software from Lumerical Solutions, Inc. The empirical dielectric function of Au has been described in our previous work [14] . We have placed a point monitor (point A) in the middle of the structure gap, whose position is indicated in Figure 1(a) . All extinction spectra, electric field intensity spectra at the point A, electric field distribution, and surface charge distribution images were obtained from the simulations. The amplitude of the electric field of the incident light is set to 1.
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• polarized light, we can only observe a bright resonance mode at 1103 nm in the NIR range (Figure 2(a) ). In order to fully understand its mode feature, we plot its electric field distribution image in Figure 2 (c). It is clearly shown that each arm of the Au nanocross displays a strong dipolar resonant character and couples to each other, consequently producing a rather enhanced electric field in the gap. The electric field intensity spectrum at the point A shows that the maximum electric field (|E| 2 ) can reach to a value as large as 1.6 × 10 5 . The calculated charge distribution image shown in Figure 2 To achieve the double resonances for SERS, we break the symmetry of the Au nanocross by changing the arm length L 2 . Figure 3(a) shows an extinction spectrum of an asymmetric Au nanocross (120, 80) with a decreased value of L 2 . We can observe two resonance at 1103 (i) and 1007 nm (ii). Interestingly, the corresponding electric field intensity spectrum at the point A shows two maximum values at the same two resonance positions, which can be used for the SERS excitation and the scattering enhancement. More importantly, the electric field intensity spectrum shows that the field enhancements of these two resonances both reach a value of around 1.0 × 10 5 (Figure 3(b) ). Therefore, the total SERS EF may reach a value of 1.0 × 10 10 . We simulated the excitation spectra of the Au nanocross (120, 80) with a light polarization along the long arm (x-axis) and the short arm (y-axis) in Figures 3(c) and 3(d) in order to determine the origin of the prescribed two resonances' (i) and (ii) formation. It is shown that the resonance (i) and (ii) are actually from the resonance (iii) and (iv), formed by the light polarization along the long and short arms, respectively. The electric field distributions of the resonances mode in Figure 3 further show that the dominant modes of resonance (i) and (ii) are rather similar to that of (iii) and (iv), respectively, which indicates a weak coupling between two bright modes (iii) and (iv) resulting in the double-resonance feature. Figure 3 also implies that we can easily tune the resonance positions by controlling the arm lengths of the Au nanocrosses. This is very common to tune the resonance position by controlling the asymmetric geometry of the plasmonic structure, for example, asymmetric split ring resonators [16, 17] .
In Figure 4 (a), we show the excitation and the electric field intensity spectra of six different dimensional Au nanocrosses: (i) 120, 120; (ii) 120, 80; (iii) 120, 60; (iv) 120, 40; (v) 120, 20; and (vi) 40, 20. Some plasmonic resonant behaviors are observed: (1) two resonances are highly tunable in the NIR range; (2) the resonance at higher wavelength corresponds to the mode along the long arm of the nanocross, and the lower resonance to that of the short arm; (3) the more difference between the long and short arm, the larger the peak separation; (4) for different dimensional nanocrosses, the field enhancement for both resonances can reach a value in the range of 5.0 × 10 4 -1.0 × 10 5 ; consequently, the total SERS EF remaining in the range of 1.0 × 10 9 -1.0 × 10 10 . For the structures of (ii), (iii), (iv) and (v), one resonance remains at 1103 nm and the other one can be tuned from 1007 to 872 nm by changing the short arm from 80 to 20 nm. The peak separation can be controlled from 30 to 231 nm (Figure 4(b) ). The high tunability and flexibility of the double-resonance position and peak separation offer us a couple of advantages for SERS. First, we can easily match the double resonances of the Au nanocross to the laser line and the Stoke Raman band. Second, the large peak separation allows us to enhance the Raman band, for example, ν(=CH), having a Stoke Raman shift at a longer wavenumber at around 3000 cm −1 , which is 240 nm away from the NIR laser line (e.g., 785 nm). In addition, we believe that the double-resonance nanocross is potential useful for the surface-enhanced second harmonic generation [18] . The plasmon resonances of the asymmetric Au nanocrosses are not only arm length dependent but also incident light polarization dependent. Figures 5(a) and 5(b) show the extinction and electric field intensity spectra of the Au nanocross (120, 80) with different light polarizations. By changing the polarization angle (θ), we can control the peak intensity ratio between the two resonances of the Au nanocross at 1007 and 1103 nm, respectively. Moreover, we have simulated the double-resonance nanocross with rounded tips (with a 4 nm curvature radius) in order to have a more realistic estimation for the experimental samples. We have found that the maximum SERS EF drops to 2.0 × 10 9 for the Au nanocross (120, 80), one order of magnitude smaller than that with sharp tips, which is still a rather large EF for the molecular detection.
In conclusion, we have numerically demonstrated asymmetric Au nanocrosses as double-resonance SERS substrates. Strong field enhancements at the excitation and scattering wavelengths lead to a total SRS EF of around 1.0 × 10 10 . Moreover, we have shown that the resonance position, the peak separation, and the peak intensity ratio of the Au nanocrosses can be tuned by changing their arm lengths and the light polarization. Strong near field and large peak separation are particularly important to the enhancement of the Raman band at high wavenumbers. We anticipate that this work will offer an aid for the design and the fabrication of new SERS substrates with a large EF.
